], vortices are sensible to thermal fluctuations as well as to disorder in the host environment. In a superconducting crystal, the disorder is provided by intrinsic defects which pin the vortex lines [Blatter1994]. The ease of controlling the vortex density, defect concentration and temperature makes vortices a very attractive system in which to study the rich variety of phenomena stemming from the interplay between elastic, pinning and thermal forces. Indeed, the recent development of powerful experimental tools, especially high resolution imaging techniques, spawned important advances in this area [Auslaender 2008, Embon 2015.
], vortices are sensible to thermal fluctuations as well as to disorder in the host environment. In a superconducting crystal, the disorder is provided by intrinsic defects which pin the vortex lines [Blatter1994] . The ease of controlling the vortex density, defect concentration and temperature makes vortices a very attractive system in which to study the rich variety of phenomena stemming from the interplay between elastic, pinning and thermal forces. Indeed, the recent development of powerful experimental tools, especially high resolution imaging techniques, spawned important advances in this area [Auslaender 2008 , Embon 2015 .
The idea of correlated vortex bundles, also known as Larkin domains, was introduced in the framework of the collective pinning theory [Larkin1979] and further developed by more involved theories [Feigel'man1989, Giamarchi1994] . Although this concept has been useful to estimate important static properties of superconductors, such as the maximum non-dissipative current carried by the material, it is still unclear how a Larkin domain evolves under the application of a driving force. It is generally believed that the onset of vortex motion in weakly disordered superconductors coincides with the plastic breakdown of the Larkin domains [Moon 1996] . At higher drives, this plastic regime gives place to a new elastic phase, called moving Bragg glass, in which vortices again arrange into correlated volumes, but this time adjusted to a dynamic pinning potential [Pardo 1998 ]. However, for very weak pinning, it has been predicted that the plastic phase is suppressed and the vortex bundles depin while keeping their integrity [LeDoussal 1998 ]. This situation opens the unique opportunity of studying the dynamic properties of the Larkin domains across the depinning threshold. Previous imaging experiments have identified coherent dynamics of vortices in pristine NbSe2 single crystals at long time scales, in which case the dynamics is dominated by slow thermal relaxation processes [Troyanovski 1999 , Lee 2011 . Here, using a new synchronized scanning tunneling spectroscopy technique (see Methods and SI2), we are able to resolve much faster processes occurring in a clean NbSe2 at a very low temperature (0.5 K), where thermal fluctuations can be neglected. This allows us to investigate in detail vortex trajectories resulting from the interaction between the vortex bundle and the underlying effective potential.
We have started dealing with the complexity of the phase diagram by probing the starting motion until the depinning threshold of a rigid vortex lattice inside a Larkin domain. We evidence that at low drive it reversible oscillating motions follow the alternative driving force in Fig. 1a -c, while at high drives the trajectories present striking nonlinear trajectories with a pinning-depinning process instead of the expected free motion (see in Fig 2a-d) . Performing three-dimensional Langevin dynamics simulations, we demonstrate in Fig. 3a -c that the jerky motion is governed by the translation of the vortex lattice to reach a unique metastable state.
Finally, history-dependent signatures in space and time of the trajectories provides in Fig. 4a-b creeps at huge timescales and anisotropy of currents in the c-direction, oppening possible clues to explain the memory effects observed in high-Tc superconductors.
At low drive, each vortex in Fig. 1b -c, vibrates in the free space between two first neighbors that, if considering that the vortex lattice is built up by single objects connected by springs, may correspond to the soft elastic modes of the vortex lattice as suggested in ref. [Valenzuela 2002] and consistently with ref [Timmermans 2014] . The trajectories in Fig. 1b-c indicate that locally the vortex lattice oscillates within a single potential energy well and is restored by the local force, = − , for a displacement u, where is the Labush constant determining the curvature of the harmonic potential well [Campbell 1972 ]. The vortex traces are well-defined, indicating a reversible and deterministic motion at 0.5 K (SI4). This primary result showing that individual trajectories cycle with the oscillating external excitation is the first direct and local observation of the linear response of a superconducting condensate.
A large data set reveals that the linear trajectories are limited to low drives. The dynamic consists at stronger drive in elongated ellipses deviated toward the vortex lattice axis direction.
The vortex lattice still coherent and oscillating, hopes between the two extrema of the trajectory, reaching high velocities up to 140 µm/s well above the 10 µm/s of the linear regime (Fig. 2c) . A thorough investigation of the nonlinear regime indicates that the trajectories have four important features: (i) the number of observed attractive points (noted A, B, … ) is exactly two or three (SI7-8), (ii) the distance between these points increases step by step with the drive (see inset in Fig. 3c ), (iii) the hopping between points occurs at a single value of the drive,
independent of the cooling procedure (Fig. 2c) , (iv) trajectories obtained with the same drive procedure are reproducible, although they are randomly shifted in the ab-plane.
Following the idea that the nonlinear regime is the consequence of a collective effect, we performed Langevin dynamics simulations of a three-fold lattice composed by flexible line 5 subjected to a random pinning potential (see methods and SI3). For low amplitudes, the system oscillates within a single potential energy well, the linear regime. Above a threshold value, the vortices jump coherently between two different low energy positions, revealed in the time dependent of the mean vortex speed by one strong peak at each branch of the excitation cycle, similar to the experimental nonlinear regime (blue and red curves in Fig. 3b ). As the amplitude of the drive is further increased, new steps in the mean excursion range regularly appear, in conjunction with the creation of vortex lattice hopping, between exactly n wells at the n-eenth . More than strikingly imitating the experimental step by step regimes, the simulations evidence an excursion-lock motion.
At this step, although the jerky motion is reproduced, the necessity of a pinning landscape is not clear and we thus calculated separately the time-averaged pinning, line and inter-vortex components of the total free energy. It appears that because of their strong mutual interaction, vortices keep their lattice structure and thereby the mean inter-vortex and line energy fluctuate slightly about constant values (SI10). The dynamics is therefore dominated by the pinning potential probed by the vortex bundle. Hence, the driving force dependence of the pinning energy presents a series of minima at odd steps (1, 3 and 5 in Fig.4c ) which remarkably corresponds to integer multiples of the vortex lattice spacing (respectively 0, 1 and 2 times 0 ).
In opposition to the random nature of the local pinning potential, the effective pinning landscape inherits the periodicity of the moving vortex system as a result of its discrete translational invariance. Since translations coinciding with lattice vectors make the system return to its more favorable minimum energy configuration, such modes are natural attractors of the dynamics. As an aside, an extra motion is visible at each extremity of the trajectory, reflecting the local range 6 of the pinning energy, in other terms, the minimum size of the potential well. The stick-slip motion thus appears related to the correlations of the lattice in addition to its elastic properties.
Several study based on the resistivity measurement provides that the range of lateral order may enlarge with annealing the vortex lattice by a drive [Yaron 1994 , Paltiel 2000 , Valenzuela 2000 , Pérez Daroca 2010 , Raes 2014 . In order to prove this assumption, we applied different acmodulations during cooling ( Fig. 2a-d) . We observed an enhancement of the motion amplitudes in both linear and nonlinear regimes, suggesting a reduction of the local Labush parameter.
Hence, when the increased excitation is tuned on, the system remembers the quenched state and presents an enhanced response to the excitation field. As such, the stick-slip regime is robust against various preparation conditions and only the effective local drive is reinforced, certainly related to enlarge Larkin domains.
Assuming that the local driving force is caused by current flow and vortex compression in the ab plan, one can expect it to be inhomogeneous approaching the surface sample along the c-axis, causing dynamics frustration in the c-direction. We believe that anisotropy in the currents or pinning layers along the c-axis provides a lower drive of the vortex lattice sections deeper into the material. The later consequently appeal the free vortex segments of the top layer to follow their path via the vortex line tension, causing a robust dynamical memory effect in space and time. Fig. 4c illustrates this behavior. The motion relaxed collectively from the first to the second regime after increasing the shaking (SI9). The nonlinear trajectory reproduces the previous path still followed by deeper vortex segments and appears consequently asymmetric (see other examples in SI5 and SI7-8).
Whereas the nonlinearities in vortex dynamics are sensitive to frequency, we observed that motions are independent of low frequencies . This confirms the unimportance of both thermal fluctuations and viscosity at the millisecond timescale in our case. However, we observed relaxations of the system in much larger timescales, by comparing trajectories obtained at 77 Hz with those performed in the 10 -4 Hz range (Fig. 3a) . In fact, the time needed to reach equilibrium positions by means of thermal or quantum fluctuations leads to a creep motion of vortices in a weakly-rough potential [Anderson 1962 , Campbell 1972 
Methods
All the experiments were performed on a cleaved 2H-NbSe 2 with dimensions L x P x H ~ 2 x 2 x 0.5 mm (see SI1). The scanning tunneling spectroscopy measurements were performed with an Attocube apparatus, in a vacuum with P ~ 10 -6 mbar and at a base temperature of 350 mK, while the electron temperature was estimated to be 600 mK. A mechanically sharpened Au tip was covered in situ by Pb, resulting in a superconducting tip. Typical set-point parameters for spectroscopy were 80 pA for 4 mV applied to the sample with respect to the tip. A constant magnetic field of 100 mT modulated by by ⃗ ⃗ ( ) = sin (2 ) is applied perpendicular to the sample surface. An extra superconducting coil fitted around the STM head inside the vacuum shield provides the additional ac or stepping magnetic field in a maximum range of +/-0.12 mT.
Synchronized to this ac-modulation, the tunneling current is acquired at 1 mV at each spatial 
A. DETALILLED EXPERIEMNTAL AND SIMULATION METHODS

SI1. The ac-driven field-cooled vortex lattice
The vortex lattice is a perfect regular triangular Abrikosov lattice with vortex spacing The vortex core motions are observed coherent and collective over tens of microns, proving large Larkin domains of a moving Bragg glass. Hence, the sinusoidal magnetic field generates vortex "edge" dynamics propagated inside the superconductor by a smooth compression of the quasi rigid vortex lattice [Campbell 1969 , Brandt PRL 1991 , Brandt 1992 Physica C]. In consecutive sequences of field-cooling, the vortex lattice occupies different positions, providing a multitude of energetically quasi-equivalent metastable states according to a weak pinning situation [Ovchinnikov 1983 ].
In summary of Fig. 1 where the current is equal in both normal and superconducting states. During spectroscopy, the feedback loop is turned off and then the current is measured at a bias voltage inside the gap (U<Δ). As such, this method detects motion of a vortex at one specific location. Achieving a complete overview of spatial motion, the STM tip (fisherman) is positioned throughout the scan area, pixel by pixel. At every point the fisherman waits while measuring the tunnel current during at least one period of the ac oscillation (see markers in Figure S2a ). Synchronizing the lazy-fisherman spectra with the ac-excitation of the magnetic field, the obtained current variations are linked with the ac-period. Finally, for each step in time, we extract the current value and place it in a spatial map at the corresponding pixels coordinates ( Figure S2b ).
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b. Vortex trajectory. On the contrary to the technique measuring the tunneling current with the feedback loop on in ref [Timmermans 2014] , the distance between the tip and the sample is kept constant in the spectroscopy mode, and the vortex cores can be visualized in the I-maps (Fig. S2c-e) . From the set of 520 current maps, we extract the vortex positions (x(t i ),y(t i )) by fitting the vortex shape with a 2D Gaussian function. A trajectory is obtained by tracing all these points in one spatial map. Instantaneous velocities are numerically derivated from two consecutive points in time.
This technique is based on reproducibility of the motion over the complete measurement, resulting in identical vortex shapes in static and dynamic. However, during the jump, vortex shapes appear elongated, which can be due to two possible reasons (Fig. S2b) . First, vortices move faster than the speed resolution (~ 40µm/s) fixed by the spatial and time parameters.
Secondly, vortices can jump at different depinning time, resulting in similar smearing. 
SI3. Further detail on the theoretical modelling
We approach theoretically the dynamics of a 3D vortex system oriented along the c-axis of an anisotropic superconductor by using Langevin-Bardeen-Stephen equations of motion [van Otello 1998 ]:
where is the Bardeen-Stephen drag coefficient, ℱ is the free-energy density describing the elastic properties of the vortex system and its interaction with pinning, is the applied current density, and Γ ⃗⃗ is the thermal random force.
The free-energy density is modeled as: [Frey 1994 , Ertas 1996 . Here, since the system is constantly driven out of equilibrium, one needs to calculate self-consistently the position of the vortex lattice center-of-mass [de Souza Silva 2002] in order to accurately estimate the attraction center of the cage potential for each vortex.
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For each z plane, the pinning potential (⃗ ⃗ , ) is evaluated on a two-dimensional grid of square cells of size 0.2 as the convolution of a random pinning function, sampled from a Gaussian distribution, and the form factor of the vortex core, which, within the GinzburgLandau theory, is well approximated by ( ) = 2 ( 2 + 2 ) ⁄ , with ≃ √2 [Blatter 1994 ].
The z axis is coarse-grained over a scale 1.875 , in a way that each vortex segment represents effectively several ab planes. In order to solve the problem numerically, we further discretize Eq 
B. ADDITIONAL EXPERIMENT RESULTS
SI4. Investigations of spatial fluctuations during motion
We investigated relaxation in the 10 3 s time range. In In the range of 15 Hz to 121 Hz, the high velocity peak occurs at the frequency-independent time t dep = 0.18 T ac , which confirms that depinning is governed by the instantaneous amplitude of the external excitation. It is well-established that ohmic losses due to a viscous medium depend on the ac-frequency [Schmidt 1972 , Sonin 1990 , Geshkenbein Physica C 1991 . However, in our case they seem negligible. One possible explanation is that the flow-velocity range concerns only the jump and covers less than 5% of the ac-cycle, while the rest is frequency independent as expected at low velocity [Brandt PRL 1991] . (H ac|cool @0 mT, triangular ac-excitation).
SI7. Low-velocity points in the stick-slip motion
In figure S7 , thirty minutes after cooling the system, the vortex lattice jumped from trajectory A'B' to trajectory AB following the driving vector ( , ) = ( 0 6 ⁄ , +0.28 ). The first trajectory is presented in dashed lines as a guide for eyes. In the second trajectory presented here, a third low velocity point C appear at the location previously occupied by A'. However this memory effect is not visible in the velocity graph where the two jumps revealed by two high-velocity peaks appears symmetric at , = ∓ with = 0.6 (this corresponding to , = ∓ where = 0.012 . = 0.018 was obtained in the case of a triangular signal in Figure S9 ). The symmetric shift around reveals that the depinning of the vortex bundle from the linear regime with increasing H ac|m is independent of the jump , and of step 2 and step 3 of the nonlinear regime (see Fig. 3 in the main text).
Additionally, an asymmetry exists between the positive ( + ) and negative ( − ) half ac-cycles, with ± = ∓ , reflecting an unequal balance between forward and backward (equal to 0.005 mT in Figure SI7 ). 
SI9. Additional information Figure 4a
Two neighboring vortices are following the linear regime (1W) before relaxing in the nonlinear (2W) regime (see main text). 
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The linear path (t = 0) appears in the nonlinear motion after relaxation of the system (see also S5 and SI8-9). As a local attractor along the linear motion direction was not observed in other part of the nonlinear trajectories, this reflects a history-dependence of the motions which cannot be explained using conventional pinning arguments and a more elaborate discussion is needed.
We believe that a rigid vortex lattice moves coherently in the ab-planes and is attracted by certain strongly pinned vortex segments at other coordinates z. In layered superconductors, it is worth considering the flexibility of the vortex lattice compared to the usual two-dimensional assembly of rigid tubes in conventional superconductors. Hence, the length d of the tilt (see Fig.   S8 .1) is reduced due to the layer nature of the material, determined by the anisotropy strength , tan ( ) ≤ where is the bending angle [Brandt PRL 1992] . In case of NbSe 2 , is equal to 3.3.
According to the prediction, d is estimated ~ 100 nm for a displacement of AB ≅ 0 (maximum amplitude of jump in trajectories); this small value allows each vortex to bend 10 4 times over the sample thickness h.
B. ADDITIONAL SIMULATION RESULTS
SI10. Average contribution of the pinning, interaction and line energies to the total free energy
In Fig. S10 , we show the time-averaged pinning, line, and interaction energies per vortex as functions of the drive amplitude: 〈 〉, 〈 〉, and 〈 〉, corresponding respectively to the 39 first, second and third terms in the right-hand side of Eq. 2 in SI3 integrated along the z axis and averaged over time and the 72 vortices. The total averaged free energy is also shown (top panel).
As clearly illustrated in Fig. S10 , the main contribution to the total free energy of the system comes from the mean pinning energy. Indeed, precisely because the pinning potential is so weak, deformations of the vortex lattice, within the ab planes and along the c axis, are very small, leading to the observed small, almost negligible, contributions of these elastic energies. These results justify self-consistently all approximations used in our model, which rely on small deformations of the vortex lattice. 
SI11. Vortex excursions for different drive orientations
In Fig. S11 , we present simulation results for different orientations (θ) of the driving force. Intermediate steps, at excursions not coinciding with lattice vectors, are also observed for all drive directions. However, these lock-in phases do not lead to local minima in 〈 〉( ). 
SI12. Vortex excursions for different realizations of the random pinning potential
We repeated the simulations for several different realizations of the random pinning potential with the ac drive oriented at θ = 60°. Most of the runs exhibit similar features as those shown in 
